Abstract. 1
Recent advances have allowed for greater investigation into microbial regulation of 2 mercury toxicity in the environment. In wetlands in particular, dissolved organic matter (DOM) 3 may influence methylmercury (MeHg) production both through chemical interactions and 4 through substrate effects on microbiomes. We conducted microcosm experiments in two 5 disparate wetland environments (unvegetated and vegetated sediments) to examine the impacts 6 of plant leachate and inorganic mercury loadings on microbiomes, DOM cycling, and MeHg 7 production. We show that while leachate influenced the microbiome in both environment types, 8 sediment with high organic carbon content was more resistant to change than oligotrophic 9 sediment. Oligotrophic unvegetated sediments receiving leachate produced more MeHg than 10 unamended microcosms, coincident with an increase in putative chemoorganotrophic 11 methylators belonging to Clostridia. Further, metagenomic shifts toward fermentation, and 12 secondarily iron metabolisms, in these microcosms as well as degradation of complex DOM also 13 support a possible association between rarely acknowledged microorganisms and MeHg. Our 14 research provides a basis for future investigation into the role of fermenting organisms in 15 mercury toxicity and generates a new hypothesis that DOM can stimulate mercury methylation 16 either 1) via direct methylation by fermenting bacteria or 2) via enhancing carbon bioavailability 17 for sulfate-and iron-reducing bacteria through breakdown of complex DOM. 18
Introduction. 19
Mercury methylation in anoxic sediments is central to the bioaccumulation of mercury in 20 plant and animal tissue 1-3 and poses a significant environmental and human health concern in 21 freshwater wetlands [4] [5] [6] . Dissolved organic matter (DOM) has been a focus of geochemical 22 investigations for decades, and both positive and negative interactions between DOM and 23 mercury methylation -principally, a microbial transformation 7 -have been demonstrated under 24 contrasting environmental conditions [7] [8] [9] . While the microbial mechanisms generating 25 methylmercury are poorly understood, the recent discovery of the hgcAB gene cluster has 26 allowed investigations into the microbial ecology of mercury cycling [10] [11] [12] [13] . In particular, 27 interactions between environmental microbiomes, DOM quantity and quality, and mercury 28 methylation in natural systems remain an uncertainty in predicting hotspots of mercury toxicity 29 in the environment 7, 14 . 30
Dissolved organic matter is comprised of various classes of organic compounds 31 (primarily organic acids) with a wide range of molecular weights and aromaticities 15, 16 . DOM 32 concentrations are elevated in wetlands relative to other freshwater systems (>10 mg/L), and the 33 humic fraction derived from plant leachate predominates. With respect to mercury cycling in 34 wetlands, mercury methylation is impacted both by binding properties of the humic DOM 35 fraction, resulting either in increased dissolution of inorganic mercury complexes or in physical 36 inhibition of mercury bioavailability [17] [18] [19] , and by provisioning organic substrate for microbial 37 activity 7, 15, 20 . These effects may also vary with ambient geochemistry, as Graham et al. 9 have 38 demonstrated that sulfide concentrations and DOM aromaticity interact to influence MeHg 39 production. Further, interactive effects of sediment microbiomes and DOM biogeochemistry are 40 less well-resolved than other aspects of linkages between environmental geochemistry and 41 mercury toxicity. Numerous studies have shown regulation of freshwater microbial communities 42 by DOM quantity or quality [21] [22] [23] , and such changes in environmental microbiomes may alter 43 ecosystem biogeochemical cycling 24 . The character of humic DOM (putatively most influential 44 to mercury methylation) can be assessed at scales relevant to microbial activity with fluorescence 45 spectroscopy, which correlates changes in humic fluorescence relative to other portions of the 46 optically-active DOM pool 25 . 47
Recent work has increased knowledge on the microbiology of mercury methylation, 48 expanding potential microorganisms mediating methylation beyond sulfate-reducing bacteria 7, 26 , 49
iron-reducing bacteria 27 and methanogens 28 . To date, all tested microorganisms containing the 50 hgcAB gene cluster have been confirmed as methylators, and the gene appears to be highly 51 conserved allowing it to serve as a genetic marker for methylating organisms 7, 12 . Gilmour et al.
52 have identified five clades of putative methylators, including new clades of syntrophic and 53
Clostridial organisms. While research has provided insight into the abundance of these new 54 organisms in mercury-contaminated landscapes [29] [30] [31] , many studies have continued to focus on the 55 involvement of sulfate-32,33 and iron-reducing bacteria 34 as well as methanogens 35 in mercury 56 methylation. As such, the importance of organisms with alternative metabolisms in mercury 57 methylation remain relatively unexplored. Resolving interactions between sediment 58 microbiomes, environmental chemistry, and inorganic mercury complexes is thought to be 59 central in understanding variation in methylation rates among natural systems 7, 12, 36 . 60
Here, we examine the influence of DOM from plant leachate on net methylmercury 61 (MeHg) production in a contaminated freshwater estuary at the base of Lake Superior. We 62 hypothesize that environmental biogeochemistry (in particular, DOM quantity and quality) 63 influences mercury methylation both by regulating microbial activity and by shifting the 64 abundance and metabolic diversity of mercury methylators. We test this hypothesis across 65 chemically distinct sediments associated with unvegetated (oligotrophic) and vegetated (high-C) 66 environments, using a microcosm experiment to monitor changes in sediment microbiomes, 67 DOM chemical quality, and net MeHg production in response to additions of leachate from 68 overlying plant material. Our results provide evidence for the involvement of metabolisms that 69 ferment recalcitrant organic matter in mercury methylation, particularly within oligotrophic 70 unvegetated environments, an effect that may be imperative to understanding and mitigating 71 human exposure to MeHg with increasing DOM deposition into aquatic environments 37 . 72
73

Methods. 74
Field site. 75
The St. Louis River Estuary is home to the largest U.S. port on the Great Lakes and 76 covers roughly 12,000 acres of wetland habitat directly emptying into Lake Superior. Microbial community dissimilarity matrices based on 16S rRNA sequences were 185 constructed using the weighted UniFrac method 54 in QIIME. We preformed analysis using the 186 full community and within the methylating community. To examine the relative abundance of 187 our methylating OTUs, we removed OTUs with less than eight total occurrences (bottom 188 quartile) in our 91 subsamples to limit artifacts from sequencing errors among rare organisms 189 (methylating OTUs were <1% of sequences). Alpha diversity for each sample was assessed using 190 the PD whole tree metric in QIIME. The relative abundance of methylators was compared within 191 each environment at days 0 and 28 (leachate vs. no leachate) using unpaired one-way Student's t-192
tests. 193
Changes in community structure through time (days 0, 7, 14, 21, 28) were assessed with 194 ANOSIM in QIIME. Differences in alpha diversity at day 0 were assessed using unpaired one- 
Results. 210
Ambient geochemistry and microbiology. 211
Physicochemical and biological properties of vegetated and unvegetated environments 212 significantly differed (Hotelling P = 0.004, Table 1 ). The unvegetated environment was 213 extremely oligotrophic, with low concentrations of sediment C and N, and both vegetated and 214 unvegetated environments appeared to be N-limited (C:N 16.43 and 20.06). DNA concentration, 215 enzyme activities, and mercury concentrations were an order of magnitude higher within the 216 vegetated environment (Table 1) . 217
Microbial community structure and alpha diversity were significantly different between 218 the two environments (ANOSIM, P = 0.001, R= 1.00, t-test, P = 0.01), though major phyla were 219 similar (Table 1) were no significant changes in community structure within methylating clades through time 242
(ANOSIM across days 0, 7, 14, 21, 28, P > 0.05). This result was not unexpected given our small 243 sample sizes (methylator OTUs contained less than 1% of sequences). 244
Changes in community structure in response to leachate was partially generated by an 245 increase in Clostridia in both environments (Kruskal-Wallis, veg.: FDR-corrected P = 0.003, 246 unveg.: P = 0.018, Figure 2B , Table S3 ) and a decrease in Deltaproteobacteria in unvegetated 247 sediment (Kruskal-Wallis, veg.: FDR-corrected P = 0.36, unveg.: FDR-corrected P = 0.015, 248 Figure 2B ). In particular, Clostridia abundances increased by 3-fold (1.1% to 3.8% of the 249 microbiome) and 10-fold (1.5% to 10.5% of the microbiome), respectively in vegetated and 250 unvegetated environments, driven by increases in nearly all families of Clostridia. These shifts 251
were mirrored within our subset of data containing only suspected methylators ( Figure 2C) , 252 which showed distinct (non-significant) trends for increases in Clostridia and decreases in 253
Deltaproteobacteria in response to leachate in both environments. 254
Changes in the methylating community were more evident at finer taxonomic levels. One 255 family of Clostridia (Peptococcaceae), sharply increased with leachate in unvegetated sediment 256 and displayed a similar trend in vegetated sediment (Kruskal-Wallis, veg.: FDR-corrected P = 257 0.18, unveg.: FDR-corrected P = 0.04, Figure 2D ). These changes were due to increases in two 258 closely related methylating OTUs (Kruskal-Wallis, Dehalobacter restrictus veg.: FDR-corrected 259 P = 0.24 (uncorrected P = 0.04), and Syntrophobotulus glycolicus, unveg.: FDR-corrected P = 260 0.006) grouped in a single genus by our classification system (Dehalobacter_Syntrophobotulus, 261
Kruskal-Wallis, veg.: FDR-corrected P = 0.09, unveg.: FDR-corrected P = 0.0027, Figure S2 ). 262
Increases in Clostridia (t-test, FDR-corrected P = 0.006), Peptococcaceae (t-test, FDR-corrected 263 P = 0.018), Dehalobacter restrictus (t-test, FDR-corrected P = 0.024), and Syntrophobotulus 264 glycolicus (t-test, FDR-corrected P = 0.042) as well as a possible trend for decreases in 265
Deltaproteobacteria (t-test, FDR-corrected P = 0.18) were also reflected in metagenomic data 266 ( Figure 3D) . 267 SIMPER analysis of 16S rRNA genes associated with methylator taxonomy in 268 unvegetated leachate microcosms indicated that two OTUs, in D. restrictus (increase) and in 269
Geobacter (decrease), significantly contributed to community differences between day 0 and day 270 28 (P < 0.05, Table S1 ). This was reflective of broader changes in the full community, in which 271 22.9% of 175 SIMPER-identified OTUs belonged to Clostridia (increased from avg. 0.78 272
OTUs/sample to avg. 17.20 OTUs/sample, Table S3 ) while 8% belonged to Deltaproteobacteria 273 (decreased from avg. 8.5 OTUs/sample to 7.4 OTUs/sample, Table S2) . 274
In total, 7,150 KEGG pathways, 84 COGs, and 79 Pfams were significantly more 275 abundant at day 28 relative to day 0 in unvegetated leachate microcosms ( Figure 3A-C Finally, despite low statistical power (n = 3), we observed marginally significant trends 312 (P < 0.10) between key metabolic pathways and HIX (Table 3 ). In particular, COGs classified 313 as: Glycosyltransferase, Glycosyltransferases involved in cell wall biogenesis, 314
Glycosyltransferases -probably involved in cell wall biogenesis, and 315
Beta-galactosidase/beta-glucuronidase; and Pfams classified as: Glycosyl transferase family 2, 316
Radical SAM superfamily, and SusD family displayed significant correlations with HIX at the P 317 < 0.10 level. Only Pfam PF00593, TonB dependent receptor, correlated with MeHg production 318 (P < 0.001, r = -1.00, Table 2 ). 319 320
Discussion. 321
Mercury methylation across environments. 322
Geochemical and microbial characteristics varied across environments, resulting in 323 differential patterns of net MeHg production. Within the high-C vegetated environment, leachate 324 did not influence the sediment microbiome or net MeHg production to the same extent as within 325 the more oligotrophic unvegetated environment (Figure 1, Figure S1 ). Given high ratios of C:N, 326 high OC content, and low NO 3 -concentrations in our vegetated sediment (Table 1) Figure S1 ). Carbon limitation has been widely demonstrated as a constraint on 337 microbial activity 59-61 ; thus, leachate may bolster MeHg production in C-limited ecosystems via 338 impacts on microbial activity. In our system, net MeHg production in the unvegetated 339 environment was possibly also constrained by low in situ rates of microbial activity and by low 340 N concentration, and net MeHg production in response to leachate stimulus never increased to 341 vegetated levels. Importantly, leachate enhanced the relative abundance of putative methylators 342 within the microbiome in both environments, indicating that mercury methylation rates may be 343 dually influenced by the sediment microbiome and by organic matter 78 , 376 increased in concert with net MeHg production. In total, the metabolic potential of the sediment 377 microbiome indicates changes in carbon and iron metabolisms within microcosms experiencing 378 higher net MeHg production in response to leachate, supporting past work that suggests a linkage 379 between mercury methylation and these factors 7,12,14,27,28 . 380
Lastly, at high taxonomic resolution in both environments, leachate increased the 381 proportion of methylating organisms classified as Peptococcaceae within Clostridia, despite 382 drastic differences in sediment chemistry ( Figure 2D) . Specifically, the two OTUs displaying the 383 greatest change are thought to generate energy via organohalide respiration (D. restrictus) and 384 fermentative oxidation of organic matter (S. glycolicus, also capable of syntrophy) 79, 80 . The 385 relative abundance of Peptococcaceae was positively correlated with MeHg production in the 386 unvegetated environment, and other methylating organisms did not increase in abundance, as 387 would be expected if the activity of these organisms was enhanced by leachate. 388
389
Associations between microbiology, DOM processing, and net MeHg production. 390
The processing of proportionally more labile (microbe-preferred) organic matter would 391 be expected to result in decreases in DOM freshness and increases in HIX. However, our results 392 suggest substantial contributions of recalcitrant organic matter processing within the unvegetated 393 environment (but not the vegetated environment which followed expectations). In unvegetated 394 microcosms (both leachate and no leachate), HIX did not rise through time indicating relcatritant 395 matter processing ( Figure 4C and D) . Further, leachate unvegetated microcosms, which 396 experienced pronounced changes in the sediment microbiome and high MeHg production, HIX 397 was significantly lower than in all other experimental groups (ANOVA, P < 0.0001, all Tukey 398 HSD P < 0.0001). While most microorganisms preferentially degrade labile C sources, the 399 degradation of recalcitrant organic matter can contribute substantially to aquatic carbon 400 cycling 81 . Leachate unvegetated microcosms also exhibited large increases in microbially-401 derived DOM (FI) through time, demonstrating a noticeable contribution of microbial activity to 402 the DOM pool ( Figure 4A) . 
Conclusions. 424 Microbiome shifts towards fermentation pathways, increases in chemoorganotrophic 425
Clostridia, degradation of recalcitrant organic matter, and increases in MeHg within oligotrophic 426 environments begin to elucidate the microbial ecology of mercury methylation. While we 427 observed evidence for changes in the microbiome of both high-C and nutrient-poor sediment, the 428 more oligotrophic environment showed greater responses in the sediment microbiome and in 429 mercury methylation to the addition of DOM, an important insight given increasing risks of 430 anthropogenic eutrophication. Importantly, our results provide evidence for organisms not 431 historically considered in MeHg production and suggest future work into the environmental 432 relevance of these organisms in mercury methylation. were analyzed from across days 7, 14, 21, and 28; and leachate microcosms were analyzed across days 0, 7, 14, 21, and 28 (n = 4-5 at 724 each sampling point, no samples were taken in no leachate microcosms at day zero), with characteristics of the applied leachate 725 represented at day 0. 726 
